The sagittal otolith and eye diameter of two sympatric species of the genus Aphanopus, A. carbo and A. intermedius, from North Atlantic waters were investigated. The study objectives were to find morphometric variables of otoliths to identify the two species and relate ecomorphological characters of otolith and eye diameter to the depth distribution of each species. The otoliths of the two species are very similar, although significant differences in shape, otolith height and weight and the sulcus acusticus area were detected. The ratio between eye diameter and cephalic length (ED:CL ratio) was also significantly different. In both analyses A. carbo obtained higher values, which suggests that A. carbo and A. intermedius live in different spatial niches, and that A. carbo inhabits deeper waters. The ratio between the sulcus and otolith areas (S:O) was low compared to other fish species, which suggests that the hearing capacity of Aphanopus spp. is adapted to low frequency sound. This adaptation may be related to the oceanographic conditions in which these species live, and in particular to the characteristics of sound transmission in the "SOFAR channel".
INTRODUCTION
The black-scabbard fish Aphanopus carbo Lowe, 1843, has been commercially fished in the waters of the archipelago of Madeira for more than 150 years. This makes it the oldest deep-sea commercial fishery in the world (Shotton, 2005) . Nowadays, it is also fished in continental fishing grounds off Sesimbra waters, Portugal (Bordalo-Machado et al., 2009) . This species also appears as by-catch in the trawl fishery in the west of the British Isles, along the Middle-Atlantic Ridge and at Corner Rise (Gordon, 2001) . Its annual catches reach up to 14000 tonnes, reported mainly by the Portuguese and French fleets (Martins et al., 1994; Martins and Ferreira, 1995; Morales-Nin et al., 2002) . Due to its commercial importance, many studies on fishery ecology have been carried out (Howe et al., 1979; Clarke et al., 2003; Gordo, 2009 ). These studies suggest that this species undergoes horizontal migration movements associated with its inner ontogenic cycle. In addition, juveniles probably move from the northwest of Scotland to the Portuguese continental coast in search for food during their first years of life. When they reach sexual maturity, they migrate to the Macaronesian archipelagos, the only known reproductive areas (Martins et al., 1994; Machado et al., 1998; Figueiredo et al., 2003; Pajuelo et al., 2008; Neves et al., 2009) . This means that the North Atlantic population may be considered as a population unit, independently of management and assessment aspects for regulating its fisheries.
At the beginning of the 1980s a series of descriptions of new species of Aphanopus started to appear; one of them, A. intermedius Parin, 1983 , is partially sympatric with A. carbo (Nakamura and Parin, 1993; Parin, 1995) . Recent morphologic and genetic studies have demonstrated that the two species are present in the Azores, Madeira, the Canary Islands and off Morocco and the western Sahara (M. Biscoito, com. pers.). The external identification of these species is currently impossible, since it is necessary to count dorsal fins and vertebrae in order to distinguish them (Nakamura and Parin, 1993; Parin, 1995) . The bathymetric distribution of A. carbo ranges between 200 and 2300 m, although the depth of the most frequent distribution is around 1000 m; whereas A. intermedius lives from 300 to 1500 m (Nakamura and Parin, 1993; Lorance et al., 2001; Morales-Nin and Sena-Carvalho, 1996; Pajuelo et al., 2008) . However, due to the current confusion between the two species, it is not possible to confirm precisely the depth distribution of each species.
According to ecomorphological premises, some characters should have a close relationship with the environmental factors that form the habitat of the organism (Bock, 1990; Norton et al., 1995) . Therefore, the study of morphological features related to the sensorial perception of environmental stimuli (Blaxter, 1988; Weissburg, 2005 ) may help us to understand which adaptive features can indicate a certain ecological segregation (Schoener, 1974; Lombarte and Aguirre, 1997; Seehausen et al., 2008) .
The sensorial characters with ecological implications most studied are: i) the eye size and the eye's inner structures (Fernald, 1988; Bozzano et al., 2001) , and ii) the sagittal otoliths, the main structure of the inner ear in Teleostean non-ostariophysian fish (Aguirre and Lombarte, 1999; Volpedo and Echevaría, 2003; Tuset et al., 2003, Lombarte and Cruz, 2007) . Lombarte (1992) indicated differences in relative size of the sulcus acusticus between Merluccius capensis and M. paradoxus, and concluded that the species that lives at greater depths, M. paradoxus, obtained higher values. Schulz-Mirbach et al. (2008) also found differences in otolith morphology between surface and cave populations of Poecilia mexicana. Consequently, the goal of this paper is to hypothesize on the spatial niche of the two species by analyzing (i) the otolith morphometry, (ii) the ratio between the sulcus acusticus area and otolith area, and (ii) the ratio between the eye diameter and cephalic length, in order to determine whether these characters can indicate the ecological segregation of the two species.
MATERIALS AND METHODS

Sampling and data collection
A total of 137 specimens of Aphanopus carbo and A. intermedius were collected off Sesimbra (mainland Portugal), the Azores, Madeira, the Canary Islands and off the coasts of Morocco and the western Sahara (Fig. 1) . The individuals from Sesimbra, the Azores and Madeira were taken randomly from the commercial fishery. In the other locations, specimens were obtained from experimental fishing. As it is difficult to distinguish the species using external morphologic characters, all specimens were genetically identified according to the method developed by Stefanni and Knutsen (2007) . Cephalic length (CL in mm) and eye diameter (ED in mm) were measured ( Fig. 2 ) for all individuals (the total, standard and furcal lengths were not considered for this study because in many specimens the posterior end was damaged), and otoliths were removed, washed, dried and stored in plastic vials. The otoliths of the two species were described morphologically according to the terminology proposed by Tuset et al. (2008) .
All otoliths were weighed (OW) to the nearest 0.01 mg. Otoliths from the right side of the fish were orientated with the sulcus side up. Their images were digitized using a microscope attached to an image analyzer with a magnification of 1.5-2.5× depending on the size of the otolith. Otolith area (OA in mm 2 ), length (OL in mm), height (OH in mm) and perimeter (OP in mm) and sulcus area (SA in mm 2 ) (Fig. 2) were measured using Image-Pro Plus version 4.1.0 software (Media Cybernetics, Inc.). To avoid fish size effecting the analyses, the individuals were truncated from 173 mm CL.
Data analysis
To detect the specific ontogenetic changes in otolith morphometry and visual perception, all variables were fitted by a power function Y = aX b . Statistical differences in the regression slopes between species were tested by means of an ANCOVA, treating species as the main factor and length (or otolith height) as the covariate. One-way (ANOVA) was used to compare the eye diameter:cephalic length (ED:CL) and sulcus area:otolith area (S:O) ratios among size groups (CL in mm, <200, 201-240, 241>) and a post-hoc Tukey's test was applied; whereas a Student's t-test was used for comparisons according to species and size class (Zar, 1996) .
RESULTS
The otolith morphology of the two species is very similar. According to Tuset et al. (2008) : the ventral margin is sinuate to crenate. Sulcus acusticus: heter- (Fig. 4) .
Otolith length was not a good predictor of otolith weight (r 2 <0.60), while the variation in otolith height values was greater than 77% for both species ( Fig. 6 ). In this sense, more noticeable differences were detected in the relative increase in weight and the sulcus acusticus area, as the distance between slopes increased as the cephalic length became larger.
The S:O ratio did not vary significantly among size classes in A. carbo (ANOVA, F= 2.914, P= 0.061), although a positive tendency was observed with the increase in fish size. However, significant differences were detected in A. intermedius (ANOVA, F= 3.334, P= 0.046). The Tukey's test grouped the size classes 180-220 and 220-260 (Fig. 7) . Finally, the ratio analysis did not show significant differences between species for each size class (Student's t-test, t= 0.609 in 180 mm, t= 0.493 in 220 mm, t= 1.956 in 260 mm, P>0.05) (Fig. 7) . 
DISCUSSION
The present study provides evidence to assert that A. carbo and A. intermedius are adapted to living in different spatial niches, which confirms the previous assumption that A. carbo inhabits deeper waters, although overlapping occurs (Nakamura and Parin, 1993; Morales-Nin and Sena-Carvalho, 1996) .
Fish have a variety of different sensory receptors that enable them to glean a good deal of information about their sensory environment (Atema et al., 1988) . The vision of deep-sea animals inhabiting different depths are matched to a gradual change in visual scene from an extended source to point source. Species living in the mesopelagic zone (150-1000 m), which is dimly lit by down-welling daylight, have comparatively large eyes relative to head size (Warrant and Locket, 2004) . It is known that A. carbo -or A. intermedius due to the current confusion in the North Atlantic -migrates vertically at night to the upper water layer to feed on crustaceans, cephalopods and benthopelagic, mesopelagic and pelagic fish depending on its ontogenic cycle (Mauchline and Gordon, 1984; Pshenichny et al., 1986; Figueiredo et al., 2003) . This circadian migration to layers with more light should affect the vision pattern as this is influenced by daylight. In fact, the morphology and size of the eyes in Aphanopus spp. is similar to other trichiurids from shallower waters. Although they live below 1000 m, the following premise could apply to them: larger eyes (relative to body size) are related to a deeper depth distribution. Our results show that the eyes of A. carbo are larger, and therefore it can be hypothesized that either it inhabits deeper waters or it does not reach surface waters in vertical migration, or both. The reason why Aphanopus spp. occurs in deeper waters in the Canary Islands and Madeira may be in order to avoid overlapping with the trophic niches of other trichiurids as well as other species, such as Promethichthys prometheus (Pajuelo et al., 2008) . Previous studies have concluded that otolith size is related to the habitat and behaviour of species (Paxton, 2000; Tuset et al., 2003; Volpedo and Echevarría, 2003) . In most cases, it has been demonstrated that an increase in the depth distribution of species that live below 1000 m also implies an increase in otolith size (Lombarte and Cruz, 2007; Schulz-Mirbach et al., 2008) . In the present study, statistical differences were detected in the otolith morphometry between A. carbo and A. intermedius for otolith weight and height and sulcus area. The otoliths of A. carbo clearly grow more in size and weight, which suggests that this species inhabits deeper waters.
The inner ear is considered to be the most important structure for detecting distant sound sources, and the S:O ratio is related to the hearing capabilities of fish and changes in food, spatial niches and depth (Gauldie, 1988; Aguirre and Lombarte, 1999; Popper and Lu, 2000) . However, the biological meaning of ontogenic changes in the S:O ratio is controversial. Some studies have not found significant allometric changes with fish growth as in Hoplostethus atlanticus, H. mediterraneus, Tachurus declivis (Gauldie, 1988) , Pomatochistus lozanoi (Arellano et al., 1995) , Mullus barbatus (Aguirre and Lombarte, 1999) and Serranus spp. (Tuset et al., 2003) and A. carbo (present study) . In other species, such as Merluccius capensis and M. paradoxus (Lombarte, 1992) , Pomatochistus lozanoi (Arellano et al., 1995) , Mullus surmuletus (Aguirre and Lombarte, 1999) and A. intermedius (present study) the relationship is noticeable. In the particular case of Merluccius spp., it has been demonstrated that the adults have a wider depth distribution, reach deeper waters for feeding mainly on fish (Recasens et al., 1998) , and show an increase in the S:O ratio and in the number of hair cells (Lombarte, 1992; Lombarte and Popper 1994; Torres et al., 2000) . Other studies have suggested a positive association between S:O area ratio and mobility (Gauldie, 1988; Lombarte and Popper, 1994; Arellano et al., 1995) . As previously commented, Aphanopus spp. are great swimmers, with horizontal and vertical migrations. The analysis of the S:O ratio did not reveal significant differences between species, although the values obtained for A. carbo were always higher in each size group which might imply major physical activity, a better hearing capability or a wider spatial niche.
It is possible to distinguish two types of hearing in fish: specialist and generalist. Specialists detect the sound with both direct and indirect pathways, whereas generalists tend to have a narrower hearing bandwidth and poorer sensitivity (Fay, 1988) . Most of species are generalist and usually do not detect sound above 1000 Hz, and their sensitivity at lower frequencies is also poorer (Fay, 1988; Popper and Lu, 2000) . Gauldie (1988) demonstrated that the S:O ratio may be correlated with auditory frequency; hence, species with a higher ratio can discriminate higher frequencies. The S:O ratio in Aphanopus spp. is low (around 0.8-1) compared with other species, e.g. 0.28 to 0.31 in Merluccius spp. (Lombarte, 1992) , 0.36 in Gadus morhua, 0.20 in Hoplostehus mediterraneus (Gauldie, 1988) and 0.23 to 0.28 in Mullus spp. (Aguirre and Lombarte, 1999) , and similar to Pomatoschistus spp. (Arellano et al., 1995) . Hence, it appears that the hearing capability of Aphanopus spp. is adapted to low frequency sound. They live in an environment where low-frequency signals produce long sound wavelengths which may travel thousands of kilometres before dissipating. This happens due to a layer of water called the "SOFAR channel" which lies between 800 and 1000 m below the sea surface at low and middle latitudes, and which is deeper in the subtropics and close to the surface in high latitudes (Rogers and Cox, 1988) . It seems logical to consider that the development of the sulcus acusticus is an adaptation to habitat, since different preys will produce signals that can be detected from closer or farther away. There are aspects of the otolith structure, such as its thickness, the depth of the sulcus and the shape of the otolith itself, that do not have a known impact on the hearing capabilities (Popper and Lu, 2000; Reichenbacher et al., 2007) . Future research should be focused on developing three-dimensional techniques to help us better understand the relation between fish ecology and otolith morphology and hearing capabilities.
